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Abstract 
The results of chemical analysis of the interstitial water of several samples of sediments 
from a large muddy zone along the Belgian North Sea coast are reported. When special 
care is taken to collect the cores without disturbing the water-sediment interface, the ver- 
tical concentration profiles display typical patterns that cannot be explained by constant 
diffusivity models and suggest the existence of two distinct sedimentary layers with differ- 
ent mass transfer properties. A two-layer model is proposed to describe the vertical silica 
profiles. It assumes that the mass transfer coefficient in the first 3.5 cm of the sediment 
upper layer is 100 times higher than in the compacted lower layer. This large increase is 
mainly due to turbulent processes induced by the movement of the overlying water. From 
this model, the flux of dissolved silica across the water-sediment interface is calculated. 
A knowledge of the properties of the - increases the mass transfer coefficient of 
water-sediment interface, as well as of the 
kinetics of the chemical reactions taking 
place in the sediments, is essential for de- 
scribing and understanding the mass trans- 
fer processes between seawater and marine 
deposits. The boundary conditions at this 
interface are often poorly known; in some 
cases, its exact position is not even well de- 
fined, in large part because of the difficulty 
of collecting cores without disturbing the 
water-sediment interface. With the classi- 
cal gravity or piston corer, and to a lesser 
extent the box corer, the turbulence caused 
by the instrument itself can resuspend the 
poorly compacted top sediments. Removal 
of the supernatant water of the core may 
carry away another fraction of the surface 
layer of the sediments. It is thus necessary 
to use an adequate coring technique and to 
treat the cores with great care to avoid any 
loss of information. 
dissolved species within the layer even if 
no resuspension occurs. The high porosity 
also favors an increased flux in the pore 
water of this layer. The biological activity 
of various benthic organisms is generally 
more intense in the surface layer and not 
only affects the chemistry of the environ- 
ment but produces mechanical effects 
called bioturbation. 
The upper sediments of the North Sea 
along the Relgian coast consist of organic- 
rich muds (up to 5% organic C) deposited 
in shallow waters, at a mean depth of about 
20 m. High surface currents and frequent 
storms induce important shear stresses on 
the water-sediment interface, and favor the 
cxistcncc of a disturbed boundary layer. 
13y contrast, the activity of the benthic 
macro- and meiofauna is extremely low in 
thcsc sediments ( De Coninck 1972). The 
existence of this layer has been dcmon- 
stratcd by careful coring techniques and 
close vertically spaced chemical analyses. 
The analytical results have been interpreted 
by kinetic models describing the vertical 
concentration profiles of various dissolved 
species in the pore water. IIcrc we give 
special attention to the influence of the 
disturbed layer on the vertical profiles and 
compute mass transfer coefficients through 
a kinetic model for dissolved silica. A com- 
prehensive model for sulfate, nitrate, and 
The properties of the surface layer of 
the sediments generally differ considerably 
from those of the deeper layers, and may 
strongly affect the mass transport across 
the water-sediment interface. The degree 
oE compaction in the surface layer is low, 
especially in the case of muds. The flowing 
water perturbs this uncompacted layer and 
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Fig. 1. Vertical profile of porosity of sedi- 
mcnts of North Sea coastal region. 
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ammonia is given later (Vandcrborght et 
al. 1977). 
The results from cores taken at 51” 19’45” 
N, 3”04’44”E in March 1974 and April 1975 
arc reported here, These cores are repre- 
scntative of a large muddy zone along the 
Belgian and Dutch coasts and display the 
typical pattern of the disturbed upper layer. 
Sandy sediments, which can also be found 
in the same region, do not show this pat- 
tern. The results presented here may thus 
only be considered representative of the 
behavior of poorly consolidated sediments 
in shallow waters. 
Experimental 
The cores were collected by divers of the 
Belgian Navy with 6.35-cm PVC core-liner 
tubes. The inner part of the tubes was cov- 
ered with a thin polyethylene shield which 
allowed easy removal of the sediments 
from the core barrel. Penetration of the 
core-liner tube was restricted to the first 
25 cm. The tube was then sealed in situ 
with two rubber corks and brought aboard 
ship in a vertical positioh. Two cores were 
collected at each site. The first one was 
immediately treated by discarding the super- 
natant water and cutting the sediment in 
short segments ( 14 cm). These samples 
were centrifuged, the Eh, pH, and alka- 
linity of the interstitial water were mea- 
shred, and the rest of the sample was deep- 
frozen for subsequent chemical analysis. 
The second core was immediately deep- 
frozen and later segmented in the labora- 
tory, where the fractions were centrifuged. 
Chemical analysis included determination 
of ammonia, nitrate, nitrite, silica, and sul- 
fate. It is important to note that in the 
first procedure the upper 3 cm of the core 
can easily be lost if special precautions are 
not taken when the supernatant water is 
discarded. 
Results 
Porosity-The vertical profile of porosity 
is given in Fig. 1. The porosity decreases 
rapidly from 96% to about 65% in the first 
4 cm and remains practically constant at 
greater depth. As a consequence of the 
high porosity of the upper part of the sedi- 
ment, its physical consistency is quite fluid. 
Redox potential-The existence of a 
sharp transition at a depth of 3.5 cm be- 
tween a brown oxidized layer and a black 
reduced layer indicates that, in spite of the 
large amount of organic matter present, 
oxidizing conditions prevail in the upper 
part of the sediment. In this upper layer 
Eh values between 330 mV and 230 mV 
have been measured; below 3.5 cm, the Eh 
decreases rapidly to -190 mV. 
Dissolved silica-Figure 2 shows the ver- 
tical profile of dissolved silica from the 
core. A sharp gradient discontinuity can 
be seen at a depth of about 4 cm, with a 
very low gradient in the upper part of the 
sediment. This profile differs from those 
usually described ( Anikouchine 1967; Hurd 
1973), where high gradients of dissolved 
silica are observed at the interface. 
Sulfate-The classically described an- 
aerobic reduction of sulfate can be ob- 
served in the deeper part of the North Sea 
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Fig. 2. Vertical profile of dissolved silica con- 
centration in interstitial water. 
sediments (Fig. 3) where sulfate is com- 
pletely depleted at a depth of 25 cm. As 
may be expected, sulfate is not reduced in 
the upper oxidizing layer. 
Nitrate-Nitrate profiles from the cores 
show a maximum in the upper layer at a 
depth of about 2 cm (Fig. 4). This maxi- 
mum can be related to the activity of auto- 
trophic bacteria in the bulk of the sedi- 
ments, which in turn strongly depends on 
the local redox potential (Vanderborght 
and Billen 1975). Such nitrification may 
occur in the upper layer of muddy sedi- 
ments because of the prevailing oxidizing 
conditions. 
Ammonia-An increase of the ammonia 
concentration in port water, due to the de- 
composition of organic material, is also ob- 
served in the cores (Fig. 5). However, in 
contrast with the usual profiles obtained 
from deep-sea cores (Berner 1974)) a sharp 
discontinuity of the concentration gradient 
occurs at a depth of about 4 cm. 
Kinetic model for dissolved silica 
To quantitatively assess the importance 
of the upper layer of the sediments in the 
exchange with surface waters, we can ten- 
tativcly describe the vertical concentration 
profile of dissolved silica by considering 
Fig. 
tion in 
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interstitial water. 
of sulfate concentra- 
the various physical and chemical pro- 
cesses taking place in the sediments. The 
general approach of the kinetic model has 
been extensively described by Berner 
(1971, 1974) for homogeneous sediments. 
However, models for homogeneous depos- 
its are not able to account for the existence 
of discontinui.ties in the concentration gra- 
dient such as we observe in the profiles of 
the North Sea cores. These profiles strongly 
suggest that we can distinguish a thin dis- 
turbed layer near the water-sediment in- 
terface from a rather consolidated underly- 
ing sediment. The continuous decrease of 
porosity and mechanical perturbations with 
depth implies’ that the mass transfer coeffi- 
cient is a continuous function of depth. 
However, a simplification of the mathe- 
matical treatment has been made by con- 
sidering a two-layer sediment system, 
where each layer is characterized by a con- 
stant mass transfer coefficient. This ap- 
proach has been used by Peng et al. (1974) 
for radon transfer in the surface ocean and 
applied by Hammond et al. (1975) for 
15 L Fig. 5. Vertical profile of ammonium concen- tration in interstitial water. 
Fig, 4. Vertical profile of nitrate concentration 
in interstitial water. 
Pilson 1974; Wollast 1974) that the global 
predicting radon flux from estuarine sedi- rate of reaction can be simply described 
ments. by the kinetic relation 
Furthermore, true steady state conditions 
do not occur in the North Sea, but it has Tsi=7Csj(Sia,-Si), 
been proven mathematically that after a where ksi is an apparent kinetic constant, 
variation in environmental conditions, a Si is the concentration of dissolved silica, 
new steady state is nearly reached in the 
first 20 cm of the sediments within a few 
and Si, is either an equilibrium concentra- 
tion or a steady state value of the dissolved 
days (Vanderborght and Billen 1975). A silica concentration that is reached at 
stationary model will thus be considered 
here, implying that all the parameters ap- 
depth. The equation describing the dis- 
solved silica profile in the upper and lower 
pearing in the kinetic equation are time- layers can then be written 
independent. 
In the kinetic equation describing the D d2(Si) i7-W 
d( Si) 
vertical concentration profile of dissolved 
r + ksi( SL - Si) = 0, (1) 
silica, the contribution of the following 
processes will be considered: diffusion in 
where Di represents the mass transfer coef- 
the pore water at a rate proportional to the 
ficient in the layer considered. The follow- 
concentration gradient; advection related to 
ing boundary conditions are imposed to 
the deposition of fresh sediments; and 
solve the system: at x = 0, the concentra- 
chemical reactions affecting the concentra- 
tion is equal to the concentration Si, in the 
tion by silica production or consumption. 
overlying seawater; at large x values, the 
The net rate of dissolved silica produc- 
concentration tends toward a finite value; 
tion results from competition between dis- 
at the interface between the upper and 
solution of highly reactive opal and repre- 
lower layer (x =x~), the concentrations in 
cipitation processes. The latter are not well 
each layer are equal and the flux across 
understood, but it is generally admitted this interface is conservative: 
that, in the presence of clay minerals, re- 
precipitation of dissolved silica due to re- 
actions with solids in the sedimentary col- 
umn must be considered. It can be shown 
at X = X,, 
(Hurd 1973; Berner 1974; Fanning and where the subscripts 1 and 2 respectively 
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Fig. 6. Solution of diagenetic equation for a 
set of ICM values, compared with experimental pro- 
file of silica concentration in interstitial water. 
refer to the upper and lower layer. The SO- 
lution of %q. 1 is, for the upper layer, 
(Si)l = Si,- (Si,-SiO) 
cosh[a&,-x)] 
. + P sinhbl(Xn--X) le(“,2D1,” 
cash ( alx, ) 
> 
+ p sinh( arx,) 
and for the lower layer, 
(Si)2 = Si,- (Si,-Sio) 
e(W2Wat 
. 
cash ( alx,) 
e[(oJ/2D2)-azl(x-~tl) > 
+ p sinh( alz,) 
with 
and 
Dam2 
P=Dlal 
Fig. 7. Solution of diagenetic equation for a 
set of III values, compared with experimental pro- 
file of silica concentration in interstitial water. 
The depth xn is estimated from the porosity 
profiles; a value of 3.5 cm, which also cor- 
responds to the color transition in the cores, 
was used throughout the calculations. 
Many estimates have been made of the de- 
position rate o for the southern part of the 
North Sea and a mean value of 3 cm per 
100 years seems to be the best approxima- 
tion ( McCave 1973). Deposition rates one 
or two orders of magnitude higher can be 
locally observed. 
The mass transfer for the lower part 
may be considered as due only to molecu- 
lar diffusion. At the mean temperature of 
the system ( lO’C>, taking into account the 
porosity and an estimation of the tortuosity 
of this layer, the whole sediment diffusion 
coefficient D2 for the lower layer equals 
about 10~~ cm2 s-l (Anikouchine 1967; 
Wollast and Garrels 1971; Hurd 1973; 
Berner 1974). The asymptotic value of the 
dissolved silica concentration Si, can be 
deduced from the experimental profiles 
(Fig. 2): a value of 400 PM has been se- 
lected. The only unknown parameters are 
D1 and ksi. A set of curves has been drawn 
for various values of ksi (Fig. 6) and D1 
(Fig. 7). The distribution of dissolved sil- 
ica in the lower part of the sediments is 
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Fig. 8. Schematic representation of transfor- 
mation of silica in two-layer sediment and of fluxes 
across sediment-water interface and boundarv bc- 
tween the two layers ( Si sol.-silica in solid phase; 
Si aq.-dissolved silica), 
very sensitive to the values of Ic,i (Fig. 6)) 
which allows US to select the value ksi = 
5.0 x 1O--7 s-l. The best fit for the surface 
layer is then obtained for D1 = lo-” cm2 s-l 
(Fig. 7). 
The value for 7&, is in agreement with 
the value calculated from laboratory ex- 
periments by Grill and Richards ( 1964) on 
diatoms and by Hurd (1973) on radio- 
larians. The rate constants deduced from 
these experiments were, respectively, 2.0 x 
1O-7 and 7.0 X 10~~ s-l. The sedimentation 
rate or) can be neglected as long as it is <lO 
cm per year and does not need to be known 
with great precision. The value of the mass 
transfer coefficient D1 for the upper layer 
is 100 times greater than the coefficient Dz 
in the compacted layer. This Iargc increase 
is partially due to the change of porosity 
and tortuosity (about a factor 2), but 
mainly to advective processes induced by 
the movement oE the overlying water. 
The model allows calculation of the flux 
across the boundary between layer 1 and 2: 
-D d(Si) 
2 dx [ 1 x?z.‘ 
as well as the flux across the water-sedi- 
ment interface: 
-D d(Si) 
1- [ 1 dx ,,’ 
and the net dissolution rate of silica in 
each Iaycr (Fig. 8) : 
s zk,i(Si, - Si)dx 
and 
s Z”k,i(Si,-Si)dz. 1b 
The contribution of the upper layer repre- 
scnts 70% of the total flux of silica out of 
the sediments. As a consequence, the fluxes 
may be underestimated by a factor of four 
if this layer is discarded during sampling 
or handling of cores. 
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